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Abstract 14 
In vitro work revealed that excitatory synaptic inputs to hippocampal inhibitory 15 
interneurons could undergo Hebbian, associative or non-associative plasticity. Both behavioral 16 
and learning-dependent reorganization of these connections has also been demonstrated by 17 
measuring spike transmission probabilities in pyramidal cell-interneuron spike cross-18 
correlations that indicate monosynaptic connections. Here we investigated the activity-19 
dependent modification of these connections during exploratory behavior in rats by 20 
optogenetically inhibiting pyramidal cell and interneuron subpopulations. Light application and 21 
associated firing alteration of pyramidal and interneuron populations led to lasting changes of 22 
pyramidal-interneuron connection weights as indicated by spike transmission changes. Spike 23 
transmission alterations were predicted by the light-mediated changes in the number of pre- 24 
and postsynaptic spike pairing events and by firing rate changes of interneurons but not 25 
pyramidal cells. This work demonstrates the presence of activity-dependent associative and 26 
non-associative reorganization of pyramidal-interneuron connections triggered by the 27 
optogenetic modification of the firing rate and spike synchrony of cells.  28 
 29 
Introduction 30 
It is increasingly recognized that plastic reorganization of brain circuits needed for 31 
learning and other cognitive functions involves not only principal cells but also local inhibitory 32 
interneurons (Buzsaki, 2010). A large body of work has demonstrated that excitatory 33 
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connections onto inhibitory interneurons, as well as inhibitory connections on principal cells, 34 
are often plastic (Kullmann and Lamsa, 2007; McBain and Kauer, 2009). However, the rules 35 
governing the plasticity of excitatory synapses on inhibitory interneurons are not always similar 36 
to that targeting other principal cells (Bartos et al., 2011; Lamsa et al., 2007; Pelkey et al., 37 
2017). Even in the CA1 region of the hippocampus, plasticity rules can be different, depending 38 
on the experimental conditions and fibers stimulated. Although in the majority of cases some 39 
interneuron – pyramidal cell connections show anti-Hebbian non-associative plasticity, others 40 
show weight changes that are governed by Hebbian rules (Le Roux et al., 2013; Nissen et al., 41 
2010; Topolnik et al., 2009). In addition, some inhibitory interneuron types in the hippocampus 42 
do not seem to possess plastic synapses with their excitatory inputs, such as the CCK cells 43 
(Nissen et al., 2010).  44 
In vivo work, primarily during anesthesia, has also demonstrated that plastic alterations 45 
can occur between afferent excitatory fibers and CA1 interneurons (Buzsaki and Eidelberg, 46 
1982; Lau et al., 2017). This work showed that stimulation of these fibers could either up- or 47 
downregulate evoked spike responses, depending on the interneuron subtype. However, our 48 
knowledge about the precise reorganization pyramidal-interneuron connection during behavior 49 
is limited because of the technical challenge of directly performing patch-clamp recordings 50 
from monosynaptically connected interneuron-pyramidal cell pairs during such conditions. It is, 51 
however, possible to study these connections indirectly by identifying monosynaptically 52 
connected pyramidal cell-interneuron pairs by using cross-correlation analysis of the spike 53 
timing and measuring spike transmission probability between them (Csicsvari et al., 1998, 2003; 54 
Marshall et al., 2002). Early work demonstrated the behavioral state-dependent modulation of 55 
such connections (Csicsvari et al., 1998). Moreover, changes in spike transmission probability 56 
have been seen in the prefrontal cortex during behavioral tasks (Fujisawa et al., 2008). In the 57 
hippocampus, spatial learning can cause lasting changes in these connections (Dupret et al., 58 
2013). While such studies provide strong evidence of plasticity at excitatory-interneuron 59 
synapses, so far, no data has established a causal link between pre and postsynaptic firing to 60 
changes in connection strength during behavior.    61 
In this study, we optogenetically interfered with the circuit function by activating 62 
Halorhodopsin or Archaerhodopsin in a subpopulation of pyramidal cells and interneurons. 63 
This manipulation led to the inhibition of a subset of pyramidal cells and interneurons and also 64 
light-triggered disinhibition of many pyramidal cells (Gridchyn et al., 2020; Schoenenberger et 65 
al., 2016). Here, we examined whether these light-induced rate changes and the associated 66 
network effects could lead to the lasting reorganization of pyramidal-interneuron connection 67 
weights, as assessed by monosynaptic spike transmission probabilities. 68 
 69 
Results 70 
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We recorded multiple unit and field potential activities from the dorsal hippocampus in 71 
five rats, during exploration and quiet immobility sessions. In these rats, Halorhodopsin (NpHR-72 
YFP, n=4 rats) or Archaerhodopsin (ArchT, n=1 rat) was expressed in the dorsal CA1 region of 73 
the hippocampus under the control of the CaMKIIα promoter using an adeno-associated virus 74 
(AAV2/1). In four rats, fifteen independently-movable tetrodes and one 200 µm optic fiber 75 
centered in the middle of the tetrode bundle targeted the dorsal CA1 region while, in the 76 
remaining animal, 24 tetrodes and four optic fibers were used (see Methods). We recorded 77 
during four 25 min exploration sessions in which first a familiar environment (FAM1) was 78 
explored followed by a novel environment (NOV), and finally, the animals were returned to the 79 
familiar environment for the remaining two sessions. During the second familiar exploration 80 
session laser stimulation was applied (FAML) in a fixed part of the environment but not in the 81 
last exploration (FAM2, see Figure 1A). We tested whether the light application affected the 82 
behavior of the animals (Figure 1 – figure supplement 1). In all sessions, neither the average 83 
speed nor the occupancy within the light stimulation sector were significantly different, 84 
compared to the part of the environment where no light was triggered (all P>0.5607). We 85 
identified monosynaptically-connected pyramidal cell-interneuron pairs by calculating the 86 
cross-correlation of their spike firing times and testing for the presence of a short-latency (1-2 87 
ms) sharp (1-2 ms wide) peak. This peak indicates the presence of a monosynaptic connection 88 
in which the presynaptic pyramidal cell can discharge the postsynaptic interneuron within a 89 
short latency. In turn, the magnitude of the peak, i.e., its transmission probability, reflects the 90 
connection weight between a given cell pair. Changes in firing rate across sessions by either or 91 
both cells in the pair would result in an alteration of the magnitude of the peak that does not 92 
reflect a change in this connection weight, but rather a general change in the probability of 93 
joint firing. To account for this, throughout all the analysis we measured the chance probability 94 
that the pair fires together, by averaging the correlation probabilities over the 10-50 ms time 95 
bins and subtracting this from the peak.  Altogether, we identified 78 pyramidal cell-96 
interneuron pairs in these recordings (see Methods).  97 
The light stimulation inhibited not only a selected population of pyramidal cells but also 98 
many interneurons, while a further group of pyramidal cells increased their firing due to 99 
disinhibition, as assessed directly by their light responses to brief light pulses in the rest session 100 
at the end of the recordings (Figure 1B). In our previous work, we showed that these 101 
disinhibited pyramidal cells only increased their firing after the maximum light-mediated 102 
suppression on interneurons (Gridchyn et al., 2020; Schoenenberger et al., 2016). We also 103 
showed before (Schoenenberger et al., 2016) that both somatostatin- and parvalbumin 104 
immunopositive interneurons can express transgenes following AAV-mediated transduction in 105 
agreement with earlier work (Nathanson et al., 2009).  It is possible, however, that other 106 
adeno-associated virus serotypes or the usage of the same virus in other brain regions may 107 
yield principal cell-specific expression. As a result, many pyramidal cell - interneuron pairs with 108 
monosynaptic connections showed changes in firing rate during the FAML session, when 109 
compared to FAM1 (Figure 1C).  The altered network activity during the light session is 110 
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demonstrated by significantly lower correlation of the FAM1 vs FAML rates as compared to 111 
rates measured in alternating 5 s time windows within FAM1, both for pyramidal cells and 112 
interneurons (all P<0.0001, Z-test). However, no significant differences were found in the 113 
median of FAM1 and FAML firing rates (interneuron p=0.3213 pyramidal cell p=0.1448, Mann-114 
Whitney test). The spike transmission probability of these cell pairs was also changed (Figure 115 
1D). As for firing rates, the correlation FAM1 vs FAML spike transmission values were lower 116 
than that measured in alternating 5 s time windows within FAM1 (P<0.0001, Z-test). Moreover, 117 
there was a significant reduction in the median of the spike transmission probabilities from 118 
FAM1 to FAML (p<0.01. Mann-Whitney test). Because in the spike transmission measurements 119 
the chance probability that cells randomly fire together was compensated for, light-induced 120 
network modifications altered the ability of the pyramidal cell to drive the postsynaptic 121 
interneuron, beyond that of the firing rate alterations-mediated changes . Changes in 122 
connection weight between cell pairs during the FAML session could be either transient or 123 
reflect longer-term plasticity that outlasts optogenetic stimulation. Moreover, connection 124 
strength could change as place cells remap their place fields during exploration of a different 125 
environment (Wilson and McNaughton, 1993). We, therefore, tested whether significant 126 
changes in the spike transmission of monosynaptic pairs can be seen across sessions, relative to 127 
the baseline identified in FAM1 (Figure 2A-B). To do this, we generated a score that 128 
represented the absolute value of normalized spike transmission differences between sessions 129 
(difference divided by the sum, see methods). Overall, this score was the largest between NOV- 130 
FAM1 and FAML- FAM1 sessions. However, while the changes between FAM2-FAM1 sessions 131 
were about 30% weaker relative to the others, they were still significantly larger than zero (all 132 
p<0.001; ANOVA). In addition, changes between FAM2-FAM1 sessions were significantly larger 133 
than changes within FAM1 sessions as assessed by correlations measured in alternating 5 s time 134 
windows (p<0.0268, F-test), independent of the variability across animals (P=0. 0562, 135 
Likelihood-ratio test). 136 
These population changes suggest that pyramidal cell-interneuron synaptic weights 137 
were, to some degree, reorganized by both exposure to a new environment and artificially by 138 
light stimulation. However, connection strengths were different between the first and last 139 
exposure to the same familiar environment (FAM1 & FAM2), indicating that a more lasting 140 
change had also occurred. We set out to determine the factors that accounted for the 141 
connection strength observed in FAM2 by testing at the population level whether spike 142 
transmission in FAM2 was predicted by that observed in the previous sessions. In addition, we 143 
controlled for the possible variability across animals by including animal identity as a variable 144 
into the analysis (Figure 2C-D). Spike transmissions in FAM2 were strongly predicted by the 145 
observed connection weights in all the previous sessions (all P<0.0001, F-test, Figure 2C), 146 
indicating that connection strength between the pairs was only partially reorganized. The 147 
variability across animals did not significantly account for variability in the spike transmission 148 
(all P>0.5656, Likelihood-ratio test). We then used a linear model comparison to reveal which 149 
behavioral sessions best explained the monosynaptic connection strengths in FAM2 (Figure 2D). 150 
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We found that both FAM1 and FAML predicted FAM2 spike transmission, independent of the 151 
other (all P<0.0105, F-test). However, the model comparison showed that the NOV no longer 152 
predicted FAM2 when the effect of FAM1 was taken into consideration (P=0.4453, F-test) nor 153 
the variation across animals contributed (all p>0.5656, Likelihood-ratio test). Thus, the changes 154 
in connection weights during NOV did not influence the subsequent weights observed in FAM2, 155 
which instead was explained by weights in both FAM1 and FAML, independently. Therefore, 156 
while spike transmission values were more similar within the same environmental context, light 157 
application significantly biased spike transmission and caused lasting changes in FAM2 relative 158 
to FAM1. 159 
The significant influence of the FAML session on FAM2 suggests that the light-induced 160 
alterations of the network activity led to lasting changes in the spike transmission probabilities 161 
even in the absence of light in the same environmental context. Direct optogenetic inhibition of 162 
some cells and the indirect firing increase of others led to either an increase or a decrease of 163 
spike transmission probabilities during the light application. Therefore, next, we tested whether 164 
the direction of change in spike transmission in FAML relative to FAM1 predicted similar change 165 
from FAM1 to FAM2 (Figure 2E-F). Indeed, those cell pairs in which light application led to a 166 
decrease in spike transmission relative to FAM1 also maintained weaker spike transmission 167 
values in FAM2, while cell pairs with light-enhanced transmission showed a persistent increase 168 
in transmission probability in FAM2 (all P<0.0001, F-test). Moreover, the relative change of 169 
spike transmission (difference divided by the sum) between FAML-FAM1 predicted the score 170 
change from FAM1 to FAM2 (P<0.0001, F-test), indicating that larger relative changes in spike 171 
transmission between FAML-FAM1 were accompanied by similarly larger changes between 172 
FAM2-FAM1.  Thus, light-induced changes in neuronal firing during FAML may lead to lasting 173 
modifications of spike transmission. The variability across animals did not significantly account 174 
for variability in the transmission probability change (p>0.3046, Likelihood-ratio test).  175 
The light application can change the firing rate of the pre-synaptic pyramidal cell or the 176 
postsynaptic interneuron, which may, in turn, account for the observed plastic changes in 177 
transmission probability. Therefore, to address whether our effects reflected a pre- or 178 
postsynaptic mechanism, we assessed the relationship between firing rate changes within 179 
connected pairs and the modification of their monosynaptic connection. To do this, we 180 
calculated the relative firing rate changes between FAML-FAM1 for both pyramidal cells and 181 
interneurons, a measure that reflects the influence of light on the baseline firing of these cells. 182 
We then analyzed whether this measure predicted changes in transmission probabilities 183 
between FAM1 and FAM2, which reflects the longer-lasting change in synaptic strength. As a 184 
control, we also measured relative firing rate changes between FAM2-FAM1 because rate 185 
alterations reflecting the alterations in the average excitatory inputs cells received. Such 186 
changes of excitability may have influenced spike transmission beyond the rate alteration-187 
mediated changes of the chance joint firing probability, which later were already compensated 188 
for by normalizing the histograms (Figure 3A-B). We found that interneuron rate changes of 189 
both FAML-FAM1 and FAM2-FAM1 influenced FAM2-FAM1 spike transmission changes, even 190 
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when each other’s influence was taken into account (all P<0.0064, Likelihood-ratio test). 191 
However, pyramidal cell rate changes during FAML no longer significantly influenced FAM2-192 
FAM1 spike transmission changes when FAM2-FAM1 rate change was taken into account 193 
(P=0.0999, Likelihood-ratio test). This suggests that changes in the excitability of interneurons 194 
during the light application, as assessed by rate changes, influenced the spike transmission 195 
strength subsequently in FAM2 even when the FAM2-FAM1 rate alterations of the interneuron 196 
were compensated for. In these models, the variability across animals did not significantly 197 
account for variability in the transmission probability change (all p>0.0907, Likelihood-ratio 198 
test). In addition to the changing firing rate, light application can cause remapping in a 199 
subpopulation of cells (Schoenenberger et al., 2016). However, a change in spike transmission 200 
in FAM2 did not predict the degree of pyramidal place field remapping (P=0.1612, F-test). 201 
 202 
The finding that interneuron rate change between FAM2-FAM1 itself independently 203 
influenced FAM2-FAM1 spike transmission changes suggests that the excitability of the 204 
postsynaptic interneuron has a strong influence on the strength of spike transmission. Spike 205 
transmission changes we detected in the NOV session may, in part, have been caused by the 206 
excitability change of the interneurons. To test whether rate changes of pyramidal cells or 207 
interneurons in NOV influenced spike transmission in FAM2, we calculated normalized 208 
(difference divided by the sum) spike transmission and rate changes, in order to predict weight 209 
change separately for both cell types (Figure 4). As before, only interneuron rate changes 210 
predicted spike transmission changes, even when the pyramidal rate change was taken into 211 
consideration (interneuron: P<0.0001; pyramidal: p=0.1672, Likelihood-ratio test). A similar 212 
analysis was performed for the FAML session itself, where again, we found that only 213 
interneuron rate alterations predicted spike transmission alterations during the light 214 
application, even when each-others’ contribution was considered (interneuron: P<0.0001; 215 
pyramidal: p=0.5885, Likelihood-ratio test). In these models, the variability across animals did 216 
not significantly account for variability in the transmission probability changes in NOV-FAM1 217 
and FAML-FAM1 (all p>0.382, Likelihood-ratio test). 218 
Next, we examined whether the direction of firing rate change during light application 219 
influenced the spike transmission change between FAM1 and FAM2 (Figure 3C-D). As before, 220 
we considered FAM1 as a baseline and generated a normalized score for the rate and weight 221 
change. Interneurons that exhibited elevated or reduced firing rate during FAML session 222 
exhibited significantly different changes in monosynaptic spike transmission probability across 223 
FAM2 and FAM1   (P<0.0001, F-test) independent of the variability animals (P=0.3372, 224 
Likelihood-ratio test). Pyramidal cells did not show such a relationship (P=0.4499, F-test) and 225 
the variability across animals did not influence this result (P=0.1359, Likelihood-ratio test). 226 
Therefore, suppressed interneurons tended to weaken their monosynaptic weights with 227 
presynaptic pyramidal cells, whereas those that increased their rate exhibited increased 228 
weights. These effects lasted after the light application in the same environmental context. To 229 
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confirm that the observed changes in monosynaptic weight were indeed mediated by a 230 
postsynaptic change in interneuron firing rate, we differentiated monosynaptic cell pairs into 231 
four groups, according to whether the pair exhibited a rate increase or decrease, of both 232 
pyramidal cells and interneurons (Figure 5). A two-way ANOVA analysis showed that the 233 
interneuron increase and decrease groups were significantly different, independent of the 234 
pyramidal increase and decrease as a factor (P<0.0004, F-test), but not the pyramidal group 235 
(P=0.4067, F-test), and the variability across animals did not influence the result (P=0.2749, 236 
Likelihood-ratio test) and no significant interactions were seen between cell pair groups 237 
(P=0.6109, F-test). 238 
We found that the modulation of interneuron activity during light stimulation or 239 
exposure to a novel environment directly influenced changes in transmission probabilities 240 
between putative monosynaptic connections of pyramidal-interneuron cell pairs. This raises the 241 
possibility that such changes are activity-dependent.  To examine this, we measured the 242 
number of instances in which pyramidal cell firing occurred in a 10 ms, 20 ms, 50 ms and 100 243 
ms time windows before or after the interneuron spike as well as their sum for all spike-pairing 244 
events (Figure 6). The relative change (difference/sum) of spike pairing events was calculated 245 
between FAML and FAM1 and these spike pairing changes predicted significantly FAM2-FAM1 246 
spike transmission change in all three cases for 50 ms window (P<0.00099, F-test) even when 247 
multiple testing correction was performed while the variability across animals did not influence 248 
the result (all P>0.3913, Likelihood-ratio test). In the other tested time intervals, the 249 
correlations were not significant (all P>0.0517, F-test). Moreover, spike pairing event number 250 
no longer predicted the FAM2-FAM1 spike transmission changes when interneuron and 251 
pyramidal changes were together taken into account, (all P>0.417, F-test). However, spike 252 
pairing itself was strongly predicted (all R2>0.859) by pyramidal and interneuron firing rates 253 
providing an explanation of why spike transmission changes could not be predicted 254 
independently from the combined interneuron and pyramidal rates by spike pairing. 255 
 256 
 257 
Discussion 258 
Here we showed that light-induced, optogenetic alterations of the CA1 network activity 259 
can trigger lasting alterations of the monosynaptic spike transmission probability of pyramidal-260 
cell interneuron pairs. During the light session, both changes in the postsynaptic interneuron 261 
rates and the pairing probability of cell firing predicted the changes in monosynaptic spike 262 
transmission within the same familiar environment, when sessions before and after the light 263 
interference were compared. In addition, we also observed spike transmission changes in the 264 
novel environment relative to the familiar environment, which took place before the light 265 
application. These changes were specific to the novel environment, however, and were not 266 
maintained during the subsequent familiar sessions. This suggests that altered interneuron 267 
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firing rate and the activity-dependent alterations of the pyramidal-interneuron spike pairing can 268 
modify pyramidal-interneuron connection weights during exploratory behavior.  Or study did 269 
not use control animals in which only YFP was expressed. Therefore, we cannot exclude the 270 
possibility that optogenetic channel expression, or, perhaps, light application enhanced the 271 
plasticity on pyramidal-interneuron synapses. Yet, we observed similar activity-dependent 272 
changes during spatial learning before (Dupret et al., 2013). So, it is likely that the optogenetic, 273 
light-mediated rate alteration was a primary driver of the activity-dependent, lasting 274 
connection-weight changes. 275 
We used a measure of spike transmission probability that compensated for the changes 276 
in the chance probability that the two cells fire together as a result of firing rate alterations. 277 
However, the average depolarization level of the cell, as reflected by its mean firing rate, can 278 
lead to more efficient spike transmission, even without changes in the synaptic weight. Indeed, 279 
the spike transmission changes from FAM1 to FAM2 were influenced by the rate changes by the 280 
postsynaptic interneuron between these sessions. In turn, this suggests that the postsynaptic 281 
interneuron’s general level of depolarization can influence spike transmission. However, in a 282 
similar manner, FAML-FAM1 interneuron rate changes also predicted FAM2-FAM1 spike 283 
transmission changes. Indeed, when FAML interneuron rate increased, a stronger spike 284 
transmission was seen subsequently in FAM2, while reduced spike transmission was associated 285 
with reduced interneuron rate. Considering that interneuron rate increase in FAML was not 286 
directly mediated by the light, we cannot exclude the possibility that stronger pyramidal inputs 287 
caused the interneuron rate increase in FAML that is caused by plastic strengthening of these 288 
connections. Nevertheless, excitability of interneurons in FAM2 alone, which may be indicative 289 
of plasticity-mediated input to interneurons, did not explain the spike transmission changes. 290 
Indeed, rate changes in FAML could predict spike transmission changes in FAM2-FAM1 291 
independent of FAM2-FAM1 rate changes. That is, FAML-FAM1 rate changes predicted FAM2-292 
FAM1 spike transmission changes even when the FAM2-FAM1 interneuron rate changes were 293 
accounted for. Therefore FAML-FAM1 interneuron rate changes had further predictive value 294 
beyond those observed by FAM2-FAM1 rates changes and consequently 295 
excitability/depolarization alterations in FAML that were no longer present in FAM2 still 296 
predicted FAM2-FAM1 spike transmission changes. This finding indicates that interneuronal 297 
excitability changes during light application session caused lasting changes of the pyramidal 298 
interneuron connections, beyond any lasting nonspecific excitability changes that occurred 299 
between FAM2-FAM1. 300 
We observed changes of spike transmission between FAM1 and the novel environment, 301 
which were larger in amplitude than those across the familiar environment before and after the 302 
light application. Exposure to the novel environment nevertheless did not influence changes in 303 
the familiar environment. Can we expect that pyramidal-interneuron weights change from one 304 
environment to another, but they revert to the previous configuration when the animal is 305 
returned to the first environment?  Although we cannot exclude this possibility, it is more likely 306 
that the average depolarization level of each interneuron is different across different 307 
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environments, which in turn reveals different monosynaptic connections and connection 308 
strengths. Interneuron rates reorganize across the familiar and novel environment, which may 309 
reflect the influence of different nonspecific neurotransmitters (Nitz and McNaughton, 2004; 310 
Wilson and McNaughton, 1993). Moreover, spike transmission changes across the familiar and 311 
novel environments were predicted by the rate changes of interneurons but not pyramidal 312 
cells. This suggests that postsynaptic effects such as differences in interneuron depolarization 313 
levels contributed to the changes in spike transmission between different environments. In 314 
addition to nonspecific neuromodulator transmitters, presynaptic place cells that were 315 
specifically active in the novel environment may have caused changes in the interneuron 316 
depolarization as well. Although novel environments may not entirely reorganize pyramidal 317 
connections, spatial learning is able to do so (Dupret et al., 2013). During the course of spatial 318 
learning, some interneurons increase their rates while others decrease, which are accompanied 319 
by changes in spike transmission probabilities of monosynaptic pairs. However, these spike 320 
transmission changes depended on both pyramidal and interneuron rate changes. One 321 
common aspect of the light and the spatial learning-mediated monosynaptic spike transmission 322 
changes is that, in both cases, it took place in a familiar environment in which some of the place 323 
cells remapped their place fields. In the Dupret et al. 2013 paradigm, some cells altered their 324 
place fields to represent the changed goal locations while in out paradigm, some of the place 325 
cells whose in-field firing were inhibited by the light remapped their place fields 326 
(Schoenenberger et al., 2016).  327 
Can rules derived from in vitro observations, or those seen in vivo during anesthesia 328 
through afferent stimulations explain our findings during behavior? Our interneurons were 329 
recorded in the CA1 pyramidal layer where Ca++ permeable AMPA receptors mediate the 330 
primary form of LTP and LTD.  This form of plasticity requires the stimulation of their synaptic 331 
inputs and the hyperpolarization or a non-depolarized state of the interneuron (Le Roux et al., 332 
2013; Nissen et al., 2010). In addition, metabotropic glutamate receptors can further regulate 333 
dendritic Ca++ levels and the direction of synaptic plasticity (Camiré and Topolnik, 2014). In our 334 
case, the firing rate alteration of the interneurons was the strongest predictor of spike 335 
transmission change. The firing rate of the interneuron during FAML may reflect both the 336 
afferent excitation level of the cell as well as the light-induced inhibition; both of which could 337 
contribute to plastic changes. Excitability changes caused by the light stimulation are also 338 
expected to contribute to our observed results because both FAML-FAM1 and FAM2-FAM1 rate 339 
changes independently predicted FAM2-FAM1 spike transmission changes. It has been shown 340 
that Schaffer collateral stimulation enhances the excitability of CA1 PV cells following the 341 
stimulation, mediated via mGluR5 receptors (Campanac et al., 2013). In our dataset, the 342 
majority interneurons showed a reduction in firing rate. Therefore, interneurons may be able to 343 
undergo both up- and downregulation of their excitation levels, which are not exclusively 344 
controlled by Schaffer collateral inputs.  345 
We also saw that spike pairing of the pyramidal cells and interneuron in 50 ms time 346 
windows weakly influenced spike transmission, independent of the light-induced rate changes 347 
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of these cells. Indeed, parvalbumin-positive CA1 interneurons exhibit NMDA-dependent 348 
associative plasticity as well (Le Roux et al., 2013) on their feedback connections from CA1 349 
pyramidal cells. This may explain our spike pairing results. In vivo work suggested that theta-350 
frequency afferent stimulation was optimal to induce LTP or LTD-like changes (Lau et al., 2017). 351 
Our light application occurred during theta oscillations, where such afferents would indeed 352 
provide theta-rhythmic stimulation of the CA1 interneurons. However, such a pairing 353 
relationship was observed only for 50 ms time window. Moreover, it was no longer significant 354 
when pyramidal and interneuron rate changes were together taken into account. Because our 355 
optogenetic manipulation altered rates of individual cells without specifically influencing 356 
pyramidal-interneuron spike pairings, the combination of pyramidal and interneuron rates 357 
strongly predicted spike pairing probability. This can explain why spike pairing no longer 358 
predicted spike transmission changes when these rates were taken into account. After all, this 359 
result shows that rate-predicted spike pairing numbers are as good as the real ones to predict 360 
spike transmission changes. Nevertheless, we cannot exclude the possibility that the 361 
independent rate alterations of pyramidal cells and interneurons in FAML governed spike 362 
transmission probability changes, without spike pairing itself directly influencing it. Future work 363 
in which interneuron (or a certain genetic type) firing rate is selectively altered by optogenetics 364 
may provide further evidence for the independent contribution of postsynaptic interneuron 365 
depolarization in plasticity. Nevertheless, even in such manipulations, indirect alteration of 366 
pyramidal rates (e.g., because of disinhibition) is expected to occur.  367 
Overall, our data indicate that during active behavior, changes in interneuron excitability 368 
that is coupled with spike pairing or altered presynaptic pyramidal spiking during theta epochs 369 
may trigger plasticity at the excitatory inputs to CA1 interneurons. Learning and the associated 370 
reorganization of the CA1 network may be a condition where such changes occur naturally.   371 
 372 
Figure Legends 373 
 374 
Figure 1 375 
Light-induced firing changes in the CA1 region by halorhodopsin-mediated inhibition of a 376 
subgroup of pyramidal cells and interneurons. A: Experimental paradigm: on each recording day 377 
the animal was exposed three times to the same familiar environment (FAM1, FAML, and 378 
FAM2), including one session in which light stimulation was triggered (FAML) as the animal 379 
explored a defined sector of the environment (1/3 – ½ of the arena). In addition, the animal also 380 
explored a novel environment (NOV). Each behavioral session was flanked by sleep, with 500 381 
ms light pulses given in the last. B: examples of cells in which light application suppressed 382 
activity and triggered an elevated rate, through disinhibition. int, interneuron; pyr, pyramidal 383 
cells. Light responses were measured during the last rest session by applying 500 ms test light 384 
pulses. The histograms show the probability of spiking within the 20 ms time bins. C: The mean 385 
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firing rate of the postsynaptic interneurons (left) and presynaptic pyramidal cells (right) that 386 
were part of a detected monosynaptic cell pair were plotted during FAM1 vs. FAML sessions. 387 
Lines represent the x=y line. Note that the majority of interneurons were inhibited by the light, 388 
whereas several pyramidal cells exhibited either prominent suppression or excitation of their 389 
rate. D: Monosynaptic spike transmission probabilities also exhibit alterations during the FAML 390 
session with more cell pairs showing a reduction of spike transmission probabilities relative to 391 
FAM1.  392 
See also figure supplement for figure 1: 393 
Figure supplement 1. Effect of light application on behavior of the animals. 394 
 395 
Figure 2 396 
Light application triggered lasting changes of spike transmission probabilities in the same 397 
environmental context. A: Representative examples of monosynaptic cross-correlations 398 
demonstrating altered spike transmission probabilities across different sessions. Left 399 
histograms show the cross-correlations calculated during the entire recording session (all), 400 
which were used to detect the monosynaptic pairs. The remaining histograms show the cross-401 
correlations at different sessions. Chance joint firing probability was estimated by the average 402 
cross-correlation values in the ±10-50 ms bins and subtracted. Each bin represents a 1 ms time 403 
windows in [-50 ms, +50 ms] intervals. B: Mean (±SEM) absolute difference of spike 404 
transmission probabilities, measured as relative change (difference/sum) between the odd- and 405 
even-numbered 5 s intervals of the FAM1 session and between FAM1 and other sessions. Mean 406 
(±SEM) absolute difference of spike transmission probabilities, measured as relative change 407 
(difference/sum), relative to the first FAM1 session. Note the significant reorganization of the 408 
spike transmission probabilities across all sessions, with FAM2-FAM1 being the weakest. * 409 
P=0.0268, *** P<0.0001 C: Prediction (i.e., correlation) of transmission probabilities in FAM2 410 
with those in the previous exploration sessions *** P<0.0001. D: Partial correlations to 411 
illustrate the influence of each session on FAM2, while removing the effect of other behavioral 412 
sessions. Note that the linear mixed model comparison analysis showed that the NOV session 413 
did not influence FAM2 spike transmission when the FAM1 spike transmissions were taken into 414 
consideration, whereas FAM1 did influence FAM2. Significance for linear mixed model 415 
comparison is indicated. * P=0.0105, *** P<0.0001, ns not significant. E: Spike transmission 416 
values plotted in the FAM1 and FAM2 sessions. Cell pairs that increased (red) and decreased 417 
(blue) their spike transmission in the FAML relative to FAM1 are displayed separately. Diagonal 418 
line: x=y. F: Relative (difference/sum) changes of spike transmission probabilities between 419 
FAML-FAM1 predict those of FAM2-FAM1 changes. The relative FAM2-FAM1 changes of cell 420 
pairs with reduction (blue) and increase (red) in spike transmission from FAM1 to FAML are also 421 
displayed along a single line on the right to illustrate the negative and positive bias of these 422 
12 
 
groups. The solid diagonal line represents the regression line for the data. Horizontal line: 423 
median.   424 
 425 
Figure 3 426 
The influence of light-induced firing rate changes on spike transmission alterations between 427 
before and after the light application session. The relative changes in rate and transmission 428 
probabilities are expressed as a score throughout (difference/sum). A: The correlation predicts 429 
relative FAM2-FAM1 spike transmission changes based on relative rate changes of FAML-FAM1 430 
and FAM2-FAM1 sessions. Both correlations (left) and partial correlations (right) are shown. 431 
The comparisons of linear mixed models with one or both rate change variables show that 432 
interneuron rates in both FAML and FAM2 independently influence FAM2-FAM1 spike 433 
transmission changes. B: same as (A) but for pyramidal cells. In this case, FAML but not FAM2 434 
rates independently predict FAM2-FAM1 spike transmission changes. C: Relative FAML-FAM1 435 
rate change of interneurons versus the relative spike transmission probability changes (FAM2-436 
FAM1) with their presynaptic pyramidal partner. Right plots spike transmission changes were 437 
plotted for the rate decrease (blue) and increase (red) pairs. Horizontal lines: median. Note that 438 
almost all pairs that exhibited an interneuron rate increase during FAML also increased their 439 
spike transmission in FAM2 and the rate decrease group exhibited a significantly smaller spike 440 
transmission change than the rate increase group. D: Same as (C) but for pyramidal rate 441 
changes. Here the direction of rate change does not predict spike transmission changes.  * 442 
P<0.0256, ** P<0.0064, *** P<0.0001, ns not significant. 443 
 444 
Figure 4 445 
The influence of interneuron rate change on spike transmission changes in the NOV and FAML 446 
sessions, relative to FAM1. A: Left: correlation of pyramidal and interneuron relative rate 447 
changes (NOV-FAM1) and the corresponding relative spike transmission changes. Partial 448 
correlations are also shown on the right. In both cases, interneuron rate changes predict the 449 
corresponding spike transmission changes but not pyramidal cells according to linear mixed 450 
model comparison. B: same as (A) but comparing FAML-FAM1. Interneuron rate changes had a 451 
strong influence on spike transmission changes.  All relative rate and transmission changes are 452 
measured as difference/sum. *** P< 0.0001,  ns not significant. 453 
 454 
Figure 5 455 
Frequency distribution of relative FAM2-FAM1 spike transmission changes for monosynaptic 456 
cell pairs according to the direction of change of the pre- and postsynaptic cell partner.  457 
 458 
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Figure 6 459 
A: The number of pairing events in FAML predicted FAM2-FAM1 spike transmission changes. 460 
The number of spike pairing events were measured in cases when interneuron spike followed 461 
by pyramidal spike within 50 ms (+50 ms) and those where it preceded that (-50 ms) and the 462 
sum of both events (all). The relative difference (difference divided by the sum) of pairing event 463 
numbers between FAML and FAM1 was calculated. Pairing change predicted with relative spike 464 
transmission change (difference divided by the sum, unfilled white histograms on the left 465 
panels). We also examined whether the light-induced interneuron and pyramidal firing rate 466 
changes that itself altered the number of pairing events alone can explain this prediction. The 467 
number of pairing events no longer predicted spike transmission changes when both pyramidal 468 
and interneuron rate changes were taken into account according to the linear mixed model 469 
comparison.  B: Change in number of spike pairing events strongly predicted the change in 470 
interneuron and pyramidal firing rates. R2 values and their 95% confidence intervals are 471 
plotted. *** P < 0.00099, ns not significant. 472 
Figure 1 – figure supplement 1. Effect of light application on behavior of the animals. 473 
Influence of light application on the behavior of the animal in familiar environment sessions: 474 
FAM1, FAML and FAM2. A: Mean (±SEM) speed of animal in light sector vs. rest of the 475 
environment. B: Time that animal spent in the light sector vs. rest of the environment 476 
(mean±SEM).  477 
Methods 478 
Key Resources Table 
Reagent type 
(species) or 
resource 
Designation Source or 
reference 
Identifiers Additio
nal 
inform
ation 
Strain, strain 
background 
(Rattus 
norvegicus) 
Long-Evans Rats Janvier, 
France 
RRID:RGD-631593  
Recombinant 
DNA reagent 
(Rattus 
norvegicus) 
AAV2/1.CAMKII.ArchT.
GFP.WPRE.SV40 
Penn Vector 
Core 
RRID:Addgene: 
26971-AAV1 
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transfected 
construct  
AAV2/1.CaMKIIα::eN
pHR3.0-YFP 
Penn Vector 
Core 
RRID:Addgene: 
99039-AAV1 
 
 
software, 
algorithm 
Python Python RRID:SCR_008394 
https://www.python.org 
 
software, 
algorithm 
LFP Online GtiHub https://github.com/igrid
chyn/lfp_online 
 
other 12um tungsten wires California 
Fine Wire 
M294520  
other Headstage amplifier Axona, St. 
Albans, UK 
http://www.axona.com  
 479 
 480 
This study used previously published electrophysiological spike data (Schoenenberger et al., 481 
2016). Accordingly, the experimental and spike clustering work has been described in this 482 
previous work in detail. Data from one additional rat recorded in the same paradigm and 483 
analyzed using the same methods was included in the data set. 484 
 485 
Surgery for virus injection and microdrive implantation 486 
Four male adult rats (Long Evans, 300-500g) were injected with a recombinant adeno-487 
associated virus to express Halorhodopsin-YFP in the dorsal CA1 area 488 
(AAV2/1.CaMKIIα::eNpHR3.0-YFP (Zhang et al., 2007), obtained from the Penn Vector Core 489 
facility, 1.6 x 10exp13 genome copies/ml; Addgene 26971) and the remaining animal was 490 
injected with a recombinant adeno-associated virus to express Archaerhodopsin (ArchT) in the 491 
dorsal CA1 area (AAV2/1.CaMKII::ArchT.GFP.WPRE.SV40 (Boyden et al., 2005), obtained from 492 
the Penn Vector Core facility, 6.41*1012 genome copies per ml). Virus was injected at four sites 493 
into dorsal CA1 of the right hemisphere in four rats and bilaterally in one rat: Site 1: -3.0 AP, 494 
±2.2 L, 2.1 DV; site 2: -3.7 AP, ±2.9 L, 2.0 DV; site 3: -4.3 AP, ±3.5 L, 2.0 DV; site 4: -5.0 AP, ±4.2 L, 495 
2.2 DV. 3.5 weeks after virus injection, animals were implanted with 15 (28 in one rat) 496 
independently movable wire-tetrodes under deep anesthesia using isoflurane (0.5-2%), oxygen 497 
(1-2 l/min) and an initial dose of buprenorphine (0.1mg/kg). Tetrodes were attached to the 15-498 
tetrode (24-tetrode and 4-octrode in one rat) microdrive assemblies, enabling their 499 
independent movement. The tetrodes were constructed from 4 individual tungsten wires, 12 500 
µm in diameter (H-Formvar insulation with Butyral bond coat, California Fine Wire, Grover 501 
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Beach CA), twisted and then heated in order to bind them into a single bundle. The tips were 502 
then gold plated to reduce their impedance to 200 - 300 kΩ. 503 
A 200 μm/0.48 NA optic fiber stub (Doric Lenses) located in the center of the tetrode array was 504 
used to apply laser light directly to the dorsal CA1 area. During surgery, a craniotomy was 505 
prepared above the dorsal hippocampus centered at AP= -4.0; ML=±3.0. Two stainless steel 506 
screws inserted through the skull above the cerebellum served as ground and reference 507 
electrodes, and six additional screws were used to permanently attach the microdrive assembly 508 
to the skull. Implantation was performed such as to position the tip of the optic fiber at a depth 509 
of 1.7 mm. The paraffin-wax coated electrodes and microdrives were then daubed with bone 510 
cement to encase the electrode-microdrive assembly and anchor it to the screws in the skull. 511 
Following a recovery period of 7 days, the tetrodes were lowered to their target locations over 512 
a further period of around seven days. Tetrode locations were identified by electrophysiological 513 
markers such as theta band power, sharp wave polarity and the presence of ripple oscillations, 514 
and by extrapolating the location of the electrodes by tracing the distances back along each 515 
electrode tract according to the daily advancement of the recorded electrodes. Implanted 516 
animals were housed individually in a separate room under a 12 h light/12 h dark cycle with ad 517 
libitum access to water, and they were maintained in a food-deprived state between 85-90 % 518 
(plus an incremental 5 g per week) of their post-operative weight. Experiments were performed 519 
during the light phase. All rats used in this study were naïve and not used for additional 520 
procedures before surgery. 521 
All procedures involving experimental animals were carried out in accordance with Austrian 522 
(Austrian federal Law for experiments with live animals) animal law under a project licenses 523 
(BMBWF-66.018/0015-WF/V/3b/2014, BMBWF-66.018/0018-WF/V/3b/2019) approved by the 524 
Austrian Federal Science Ministry (BMWFW). 525 
 526 
Data acquisition 527 
32-channel unity-gain preamplifier panels (Axona Ltd, St Albans, Hertfordshire, UK) were used 528 
to reduce cable movement artifacts. Wide-band (0.1/1Hz – 5 kHz) recordings were taken, and 529 
the amplified local field potential and multiple-unit activity were continuously digitized at 24 530 
kHz using a 128-channel data acquisition system (Axona Ltd, St Albans, Hertfordshire, UK). Two 531 
red LEDs mounted on the preamplifier headstage were used to track the location of the animal. 532 
Green/yellow laser light for NpHR activation was provided by a 561 nm DPSS laser system 533 
equipped with an acousto-optic modulator (Omicron). The light was coupled into an optic fiber 534 
(four optic fibers in the 24-tetrode and 4-octrode in one rat) connected to a fiber-optic rotary 535 
joint (Doric lenses) from where a 200 μm/0.48 NA patch cord transmitted the light to the 536 
microdrive. Laser intensity was set to reach 25 mW total power at the tip of every implanted 537 
fiber stub. Data were recorded 6-7 weeks after AAV injection to ensure sufficient NpHR-YFP/ 538 
ArchT-GFP expression levels. 539 
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 540 
Behavioral paradigms 541 
Data was recorded while the animals explored different arenas or rested in a sleep box. The 542 
sleep box was small (20 cm x 27 cm) with 60 cm high walls and cushioned with a terry towel for 543 
the animal to sleep/rest comfortably. During training and electrode positioning, the animals 544 
were familiarized with a 120 cm circular environment with 20 cm high walls (minimum of 60 545 
minutes of exposure per day for at least seven days) that served as the familiar arena in all 546 
experiments. Curtains were used to enclose this arena and provide a stable set of external cues. 547 
In all exploration sessions, small food pellets were dropped at random from an automated 548 
overhead system (2-3 / minute) to motivate the animals to explore the entire arena. For 549 
recordings in a novel environment, several other arenas with different sizes, shapes, and 550 
textures were used. In addition, curtains were opened to provide novel distal room cues. 551 
Typical recording days consisted of 10 sessions: 4 exploration sessions flanked by five sleep 552 
sessions and a final test session where brief laser pulses were applied while the animal still 553 
rested in the sleep box. Typically, sleep and exploration sessions lasted 25 min, whereas the 554 
laser test session lasted 18 min. The animals first explored the familiar arena. After visiting a 555 
different novel arena, the familiar arena was explored again, but laser illumination was 556 
automatically triggered when the animal entered a specific part of the arena (light zone). 557 
Finally, the same arena was explored again. All exploration sessions were flanked by sleep. The 558 
light zone was defined by a center position and an angle between 120º and 180º such that it 559 
covered 1/3 to 1/2 of the arena. The initial angle defining the illumination zone was random 560 
and thus random also with respect the hippocampal place fields. Every day, a novel illumination 561 
zone that had about 50% overlap with the previous day’s zone was defined.  During the course 562 
of the project and also within individual animals, the angle defining the size of the illumination 563 
zone was increased to include more place fields in the light zone. After completion of the 564 
experiments, the rats were deeply anesthetized and perfused through the heart first with PBS 565 
followed by a 4% buffered formalin phosphate solution for the histological verification of 566 
electrode tracks and optic fiber position. Furthermore, NpHR-YFP/ArchT-GFP expression in 567 
dorsal CA1 was verified in each animal by checking fluorescence of the YFP/GFP tag. 568 
 569 
 570 
Spike sorting and unit classification 571 
Unit isolation and clustering procedures have been described before (Csicsvari et al., 1998). 572 
Briefly, after resampling of the raw data to 20 kHz, action potentials were extracted from the 573 
digitally high-pass filtered (0.8-5kHz) signal. The power computed in a sliding window (12.8 ms) 574 
and action potentials with a power of >5 SD from the baseline mean were selected. The spike 575 
features were then extracted using principal components analyses. The detected action 576 
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potentials were then segregated into putative multiple single units using an automatic 577 
clustering software (Harris et al., 2000) (http://klustakwik.sourceforge.net/). Finally, the 578 
generated clusters were manually refined by a graphical cluster cutting program. Only units 579 
with clear refractory periods in their autocorrelation and well-defined cluster boundaries were 580 
used for further analysis. Periods of waking spatial exploration, immobility, and sleep were 581 
clustered together. Stability of the cells was verified by plotting spike features over time. In 582 
addition, an isolation distance (based on Mahalanobis distance, (Harris et al., 2000)) was 583 
calculated to ensure the spike clusters did not overlap during the course of the recordings. CA1 584 
pyramidal cells and interneurons were discriminated by their autocorrelations, firing rate and 585 
waveforms (Csicsvari et al., 1999; Henze et al., 2000). In total, we recorded 1842 pyramidal cells 586 
and 91 interneurons. 587 
 588 
 589 
Pyramidal cell-interneuron coupling. Isolation of monosynaptically-connected pyramidal cell-590 
interneuron pairs was performed as described previously by identifying cross-correlograms 591 
between pyramidal cells and interneurons that exhibited a large, sharp peak in the 0.5–2.5 ms 592 
bins (after the discharge of the reference pyramidal cells) (Csicsvari et al., 1998). Because the 593 
number of action potentials used for the construction of these cross-correlograms varied from 594 
cell to cell, the histograms were normalized by dividing each bin by the number of reference 595 
pyramidal spike events (Csicsvari et al., 1998). The connection strength was thus accessed by 596 
measuring the spike transmission probability at the monosynaptic peak indicating the 597 
probability that the pyramidal cell would discharge its postsynaptic interneuron partner. 598 
However, the chance probability of the two cells firing together was subtracted in order to 599 
account for firing rate change-related fluctuations in the correlation strength. The chance firing 600 
probability was estimated by averaging the 10–50 ms bins on both sides of the histogram. The 601 
significance level for the monosynaptic peak was set at three standard deviations from the 602 
baseline (P<0.000001) (Abeles, 1982;Csicsvari et al., 1998). In addition, to filter out sparse 603 
histograms, we only considered monosynaptic pairs in which either FAM1 or FAM2 contained at 604 
least 1000 spike coincidence counts with the -50 to 50 ms intervals, and the SD of the bin values 605 
were less than a third of the mean bin value.  606 
Comparison of firing rate and firing field analysis 607 
To compare firing rates between two sessions, we calculated the relative firing rate change by 608 
dividing the signed difference between the mean firing rates by the sum of the mean rates (i.e. 609 
c=(r2-r1)/(r2+r1), where r1 and r2 denote the mean firing rates in the two sessions that are 610 
compared; (Leutgeb et al., 2004, 2005). This score is always between -1 and 1, and the extreme 611 
values -1 and 1 mean that a neuron is firing exclusively in one of the two sessions. A similar 612 
measure was used to measure the relative change of spike transmission and spike pairing 613 
events across different sessions.  614 
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Statistical Analyses 615 
We used linear mixed models and ANOVA to determine significance of variables in predicting 616 
spike transmission probabilities and their changes. We used mixed model comparison to test 617 
whether predictions were independent of other variables and displayed corresponding partial 618 
correlations in the figures. We added the animal variable as a random effect to all linear mixed 619 
models to account for variability across animals and used comparison of linear mixed model 620 
and linear model without animal variable to test whether animal variable contributed 621 
significantly into prediction of spike probability and their changes. We used Holm-Bonferroni 622 
multiple testing correction to account for comparisons in multiple time windows in the analysis 623 
with prediction through pairing. 624 
 625 
Data availability 626 
Original data and programs are available in the scientific repository of the Institute of Science 627 
and Technology Austria upon publications (https://research-explorer.app.ist.ac.at/ IST-REx-ID: 628 
8563). 629 
 630 
Acknowledgments 631 
We thank Michele Nardin and Federico Stella for comments on an earlier version of the 632 
manuscript. K. Deisseroth for providing the pAAV-CaMKIIα::eNpHR3.0-YFP plasmid through 633 
Addgene. E. Boyden for providing AAV2/1.CaMKII::ArchT.GFP.WPRE.SV40 plasmid through 634 
Penn Vector Core.  This work was supported by the Austrian Science Fund (I02072 & I03713) 635 
and a Swiss National Science Foundation grant to P.S. The authors declare no conflicts of 636 
interest.   637 
 638 
References 639 
Bartos, M., Alle, H., and Vida, I. (2011). Role of microcircuit structure and input integration in 640 
hippocampal interneuron recruitment and plasticity. Neuropharmacology 60, 730–739. 641 
Boyden, E.S., Zhang, F., Bamberg, E., Nagel, G., and Deisseroth, K. (2005). Millisecond-timescale, 642 
genetically targeted optical control of neural activity. Nat.Neurosci. 8, 1263–1268. 643 
Buzsaki, G. (2010). Neural syntax: cell assemblies, synapsembles, and readers. Neuron 68, 362–385. 644 
Buzsaki, G., and Eidelberg, E. (1982). Direct afferent excitation and long-term potentiation of 645 
hippocampal interneurons. J.Neurophysiol. 48, 597–607. 646 
Camiré, O., and Topolnik, L. (2014). Dendritic calcium nonlinearities switch the direction of synaptic 647 
plasticity in fast-spiking interneurons. J. Neurosci. Off. J. Soc. Neurosci. 34, 3864–3877. 648 
19 
 
Campanac, E., Gasselin, C., Baude, A., Rama, S., Ankri, N., and Debanne, D. (2013). Enhanced intrinsic 649 
excitability in basket cells maintains excitatory-inhibitory balance in hippocampal circuits. Neuron 77, 650 
712–722. 651 
Csicsvari, J., Hirase, H., Czurko, A., and Buzsaki, G. (1998). Reliability and state dependence of pyramidal 652 
cell-interneuron synapses in the hippocampus: an ensemble approach in the behaving rat. Neuron 21, 653 
179–189. 654 
Csicsvari, J., Hirase, H., Czurko, A., Mamiya, A., and Buzsaki, G. (1999). Oscillatory coupling of 655 
hippocampal pyramidal cells and interneurons in the behaving Rat. J.Neurosci. 19, 274–287. 656 
Csicsvari, J., Jamieson, B., Wise, K.D., and Buzsaki, G. (2003). Mechanisms of gamma oscillations in the 657 
hippocampus of the behaving rat. Neuron 37, 311–322. 658 
Dupret, D., O’Neill, J., and Csicsvari, J. (2013). Dynamic Reconfiguration of Hippocampal Interneuron 659 
Circuits during Spatial Learning. Neuron 78, 166–180. 660 
Fujisawa, S., Amarasingham, A., Harrison, M.T., and Buzsaki, G. (2008). Behavior-dependent short-term 661 
assembly dynamics in the medial prefrontal cortex. Nat. Neurosci. 11, 823–833. 662 
Gridchyn, I., Schoenenberger, P., O’Neill, J., and Csicsvari, J. (2020). Assembly-Specific Disruption of 663 
Hippocampal Replay Leads to Selective Memory Deficit. Neuron 106, 291-300.e6. 664 
Harris, K.D., Henze, D.A., Csicsvari, J., Hirase, H., and Buzsaki, G. (2000). Accuracy of tetrode spike 665 
separation as determined by simultaneous intracellular and extracellular measurements. J.Neurophysiol. 666 
84, 401–414. 667 
Henze, D.A., Borhegyi, Z., Csicsvari, J., Mamiya, A., Harris, K.D., and Buzsaki, G. (2000). Intracellular 668 
features predicted by extracellular recordings in the hippocampus in vivo. J.Neurophysiol. 84, 390–400. 669 
Kullmann, D.M., and Lamsa, K.P. (2007). Long-term synaptic plasticity in hippocampal interneurons. 670 
Nat.Rev.Neurosci. 8, 687–699. 671 
Lamsa, K.P., Heeroma, J.H., Somogyi, P., Rusakov, D.A., and Kullmann, D.M. (2007). Anti-Hebbian long-672 
term potentiation in the hippocampal feedback inhibitory circuit. Science 315, 1262–1266. 673 
Lau, P.Y.-P., Katona, L., Saghy, P., Newton, K., Somogyi, P., and Lamsa, K.P. (2017). Long-term plasticity in 674 
identified hippocampal GABAergic interneurons in the CA1 area in vivo. Brain Struct. Funct. 222, 1809–675 
1827. 676 
Le Roux, N., Cabezas, C., Böhm, U.L., and Poncer, J.C. (2013). Input-specific learning rules at excitatory 677 
synapses onto hippocampal parvalbumin-expressing interneurons. J. Physiol. 591, 1809–1822. 678 
Leutgeb, S., Leutgeb, J.K., Treves, A., Moser, M.B., and Moser, E.I. (2004). Distinct ensemble codes in 679 
hippocampal areas CA3 and CA1. Science 305, 1295–1298. 680 
Leutgeb, S., Leutgeb, J.K., Barnes, C.A., Moser, E.I., McNaughton, B.L., and Moser, M.B. (2005). 681 
Independent codes for spatial and episodic memory in hippocampal neuronal ensembles. Science 309, 682 
619–623. 683 
20 
 
Marshall, L., Henze, D.A., Hirase, H., Leinekugel, X., Dragoi, G., and Buzsaki, G. (2002). Hippocampal 684 
pyramidal cell-interneuron spike transmission is frequency dependent and responsible for place 685 
modulation of interneuron discharge 1. J.Neurosci. 22, RC197. 686 
McBain, C.J., and Kauer, J.A. (2009). Presynaptic plasticity: targeted control of inhibitory networks. Curr. 687 
Opin. Neurobiol. 19, 254–262. 688 
Nathanson, J.L., Yanagawa, Y., Obata, K., and Callaway, E.M. (2009). Preferential labeling of inhibitory 689 
and excitatory cortical neurons by endogenous tropism of adeno-associated virus and lentivirus vectors. 690 
Neuroscience 161, 441–450. 691 
Nissen, W., Szabo, A., Somogyi, J., Somogyi, P., and Lamsa, K.P. (2010). Cell type-specific long-term 692 
plasticity at glutamatergic synapses onto hippocampal interneurons expressing either parvalbumin or 693 
CB1 cannabinoid receptor. J. Neurosci. 30, 1337–1347. 694 
Nitz, D., and McNaughton, B. (2004). Differential modulation of CA1 and dentate gyrus interneurons 695 
during exploration of novel environments. J.Neurophysiol. 91, 863–872. 696 
Pelkey, K.A., Chittajallu, R., Craig, M.T., Tricoire, L., Wester, J.C., and McBain, C.J. (2017). Hippocampal 697 
GABAergic Inhibitory Interneurons. Physiol. Rev. 97, 1619–1747. 698 
Schoenenberger, P., O’Neill, J., and Csicsvari, J. (2016). Activity-dependent plasticity of hippocampal 699 
place maps. Nat. Commun. 7, 11824. 700 
Topolnik, L., Chamberland, S., Pelletier, J.-G., Ran, I., and Lacaille, J.-C. (2009). Activity-dependent 701 
compartmentalized regulation of dendritic Ca2+ signaling in hippocampal interneurons. J. Neurosci. Off. 702 
J. Soc. Neurosci. 29, 4658–4663. 703 
Wilson, M.A., and McNaughton, B.L. (1993). Dynamics of the hippocampal ensemble code for space 71. 704 
Science 261, 1055–1058. 705 
Zhang, F., Wang, L.P., Brauner, M., Liewald, J.F., Kay, K., Watzke, N., Wood, P.G., Bamberg, E., Nagel, G., 706 
Gottschalk, A., et al. (2007). Multimodal fast optical interrogation of neural circuitry. Nature 446, 633–707 
639. 708 
 709 
  710 
21 
 
  711 
22 
 
 712 
Figure 1 713 
Light-induced firing changes in the CA1 region by halorhodopsin-mediated inhibition of a 714 
subgroup of pyramidal cells and interneurons. A: Experimental paradigm: on each recording day 715 
the animal was exposed three times to the same familiar environment (FAM1, FAML, and 716 
FAM2), including one session in which light stimulation was triggered (FAML) as the animal 717 
explored a defined sector of the environment (1/3 – ½ of the arena).  In addition, the animal also 718 
explored a novel environment (NOV). Each behavioral session was flanked by sleep, with 500 719 
ms light pulses given in the last. B: examples of cells in which light application suppressed 720 
activity and triggered an elevated rate, through disinhibition. int, interneuron; pyr, pyramidal 721 
cells. Light responses were measured during the last rest session by applying 500ms test light 722 
pulses. The histograms show the probability of spiking within the 20ms time bins. C: The mean 723 
firing rate of the postsynaptic interneurons (left) and presynaptic pyramidal cells (right) that 724 
were part of a detected monosynaptic cell pair were plotted during FAM1 vs. FAML sessions. 725 
Lines represent the x=y line. Note that the majority of interneurons were inhibited by the light, 726 
whereas several pyramidal cells exhibited either prominent suppression or excitation of their 727 
rate. D: Monosynaptic spike transmission probabilities also exhibit alterations during the FAML 728 
session with more cell pairs showing a reduction of spike transmission probabilities relative to 729 
FAM1.  730 
See also figure supplement for figure 1: 731 
Figure supplement 1. Effect of light on behavior of the animals. 732 
  733 
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 734 
Figure 2 735 
Light application triggered lasting changes of spike transmission probabilities in the same 736 
environmental context. A: Representative examples of monosynaptic cross-correlations 737 
demonstrating altered spike transmission probabilities across different sessions. Left 738 
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histograms show the cross-correlations calculated during the entire recording session (all), 739 
which were used to detect the monosynaptic pairs. The remaining histograms show the cross-740 
correlations at different sessions. Chance joint firing probability was estimated by the average 741 
cross-correlation values in the ±10-50 ms bins and subtracted. Each bin represents a 1 ms time 742 
windows in [-50 ms, +50 ms] intervals. B: Mean (±SEM) absolute difference of spike 743 
transmission probabilities, measured as relative change (difference/sum) between the odd- and 744 
even-numbered 5 s intervals of the FAM1 session and between FAM1 and other sessions. Mean 745 
(±SEM) absolute difference of spike transmission probabilities, measured as relative change 746 
(difference/sum), relative to the first FAM1 session. Note the significant reorganization of the 747 
spike transmission probabilities across all sessions, with FAM2-FAM1 being the weakest. * 748 
P=0.0268, *** P<0.0001. C: Prediction (i.e., correlation) of transmission probabilities in FAM2 749 
with those in the previous exploration sessions *** P<0.0001. D:  Partial correlations to 750 
illustrate the influence of each session on FAM2, while removing the effect of other behavioral 751 
sessions. Note that the linear mixed model comparison analysis showed that the NOV session 752 
did not influence FAM2 spike transmission when the FAM1 spike transmissions were taken into 753 
consideration, whereas FAM1 did influence FAM2. Significance for linear mixed model 754 
comparison is indicated. * P=0.0105, *** P<0.0001, ns not significant. E: Spike transmission 755 
values plotted in the FAM1 and FAM2 sessions. Cell pairs that increased (red) and decreased 756 
(blue) their spike transmission in the FAML relative to FAM1 are displayed separately. Diagonal 757 
line: x=y. F: Relative (difference/sum) changes of spike transmission probabilities between 758 
FAML-FAM1 predict those of FAM2-FAM1 changes. The relative FAM2-FAM1 changes of cell 759 
pairs with reduction (blue) and increase (red) in spike transmission from FAM1 to FAML are also 760 
displayed along a single line on the right to illustrate the negative and positive bias of these 761 
groups. The solid diagonal line represents the regression line for the data.  Horizontal line: 762 
median.   763 
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 765 
Figure 3 766 
Light-induced firing rate changes of interneurons but not pyramidal cells influenced lasting 767 
familiar environment-associated spike transmission alterations between before and after the 768 
light application session. The relative changes in rate and transmission probabilities are 769 
expressed as a score throughout (difference/sum). A: The correlation predicts relative FAM2-770 
FAM1 spike transmission changes based on relative rate changes of FAML-FAM1 and FAM2-771 
FAM1 sessions. Both correlations (left) and partial correlations (right) are shown. The 772 
comparisons of linear mixed models with one or both rate change variables show that 773 
interneuron rates in both FAML and FAM2 independently influence FAM2-FAM1 spike 774 
transmission changes. B: same as (A) but for pyramidal cells. In this case, FAML but not FAM2 775 
rates independently predict FAM2-FAM1 spike transmission changes. C: Relative FAML-FAM1 776 
rate change of interneurons versus the relative spike transmission probability changes (FAM2-777 
FAM1) with their presynaptic pyramidal partner. Right plots spike transmission changes were 778 
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plotted for the rate decrease (blue) and increase (red) pairs. Horizontal lines: median. Note that 779 
almost all pairs that exhibited an interneuron rate increase during FAML also increased their 780 
spike transmission in FAM2 and the rate decrease group exhibited a significantly smaller spike 781 
transmission change than the rate increase group. D: Same as (C) but for pyramidal rate 782 
changes. Here the direction of rate change does not predict spike transmission changes.  * 783 
P<0.0256, ** P<0.0068, *** P<0.0001, ns not significant. 784 
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 787 
Figur788 
e 4 789 
The 790 
influ791 
ence 792 
of 793 
inter794 
neur795 
on 796 
rate change on spike transmission changes in the NOV and FAML sessions, relative to FAM1. A: 797 
Left: correlation of pyramidal and interneuron relative rate changes (NOV-FAM1) and the 798 
corresponding relative spike transmission changes. Partial correlations are also shown on the 799 
right. In both cases, interneuron rate changes predict the corresponding spike transmission 800 
changes but not pyramidal cells according to linear mixed model comparison. B: same as (A) but 801 
comparing FAML-FAM1. Interneuron rate changes had a strong influence on spike transmission 802 
changes.  All relative rate and transmission changes are measured as difference/sum. *** P< 803 
0.0001,  ns not significant. 804 
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 807 
Figure 5 808 
Frequency distribution of relative FAM2-FAM1 spike transmission changes for monosynaptic cell pairs 809 
according to the direction of change of the pre- and postsynaptic cell partner.  810 
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 821 
Figure 6 822 
A: The number of pairing events in FAML predicted FAM2-FAM1 spike transmission changes. 823 
The number of spike pairing events were measured in cases when interneuron spike followed 824 
by pyramidal spike within 50 ms (+50 ms) and those where it preceded that (-50 ms) and the 825 
sum of both events (all). The relative difference (difference divided by the sum) of pairing event 826 
numbers between FAML and FAM1 was calculated. Pairing change predicted with relative spike 827 
transmission change (difference divided by the sum, unfilled white histograms on the left 828 
panels). We also examined whether the light-induced interneuron and pyramidal firing rate 829 
changes that itself altered the number of pairing events alone can explain this prediction. The 830 
number of pairing events no longer predicted spike transmission changes when both pyramidal 831 
and interneuron rate changes were taken into account according to the linear mixed model 832 
comparison.  B: Change in number of spike pairing events strongly predicted the change in 833 
interneuron and pyramidal firing rates. R2 values and their 95% confidence intervals are 834 
plotted. *** P < 0.00099, ns not significant. 835 
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 837 
Figure 1 – figure supplement 1 838 
Influence of light application on the behavior of the animal in familiar environment sessions: 839 
FAM1, FAML and FAM2. A: Mean (±SEM speed of animal in light sector vs. rest of the 840 
environment. B: Time that animal spent in the light sector vs. rest of the environment 841 
(mean±SEM). 842 
